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(57) ABSTRACT 

The object of the present invention is to provide a low iron 
loSS and low noise grain-oriented electrical Steel sheet for 
Securing both low core loSS and low noise of a transformer 
at the same time. 

The present invention relates to a grain-oriented electrical 
steel sheet containing Si: 1.0–4.0 wt % produced by con 
trolling, with regard to e, which is defined as a 0-p value 
When a grain-oriented electrical Steel sheet is magnetized up 
to a Saturated magnetic flux density, and ez, which is 
defined as the value obtained by Subtracting a 0-p value at 
the magnetization magnetic flux density of 1.7 T from a 0-p 
Value at a Saturated magnetic flux density, e, and ez, 
which are absolute values deviated by forming a tension film 
and a forsterite film, and e, and ez, which are absolute 
values deviated by irradiating laser after the film formation, 
in adequate ranges respectively, and further controlling Wiz, 
which is a 0-p value at the magnetization magnetic flux 
density of 1.7 T, in the most appropriate range, when 
measuring a 0-p value of magnetostriction vibration in the 
rolling direction. 

3 Claims, 2 Drawing Sheets 
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LOW IRON LOSS AND LOW NOISE GRAIN 
ORIENTED ELECTRICAL STEEL SHEET 
AND A METHOD FOR PRODUCING THE 

SAME 

This is a division under 35 U.S.C. S 120 and S121 of prior 
application Ser. No. 09/854,266 filed May 11, 2001 now 
U.S. Pat. No. 6,558,479. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates to a grain-oriented electrical 
Steel sheet used for the iron core of a transformer, etc. and, 
more Specifically, to a low iron loSS and low noise grain 
oriented electrical Steel sheet contributing to lowering not 
only the iron loSS but also the noise of an iron core, and a 
method for producing the same. 

2. Description of the Related Art 
In recent years, it has been desired to reduce the noise and 

Vibration of devices, in which electromagnetism is applied, 
Such as transformers, and it has increasingly been required 
that a grain-oriented electrical Steel sheet used for the iron 
core of a transformer is a material having not only low iron 
loss but also low noise and low vibration. It is said that 
magnetostriction of a grain-oriented electrical Steel sheet is 
one of the causes for the noise and vibration of a transformer. 
Magnetostriction, as cited here, means the vibration gener 
ated in the rolling direction of the Steel sheet when a 
grain-oriented electrical Steel sheet is magnetized by alter 
nating current, and the magnitude is as Small as about 10. 
However, it has not been clarified what kinds of magneto 
striction properties are effective for lowering the noise of a 
transformer. 

The measure to lower noise has So far been to reduce 
magnetostriction. It is known that magnetostriction can be 
lowered by increasing the integration degree in the orienta 
tion of 110}<001> of secondary recrystallization grains. 
This is the same common measure as employed when iron 
loSS reduction is required. AS one of the proposals for 
materials in which magnetostriction is positively lowered, 
Japanese Unexamined Patent Publication No. H8-269562 is 
disclosed. In this publication, it is attempted to lower 
magnetostriction by intentionally leaving internal residual 
Strains at annealing. However, by this method, hysteresis 
loSS increases, causing an increase in iron loSS, Since the 
Strains remain. 
AS mentioned above, the magnetostriction properties of a 

material for an iron core designed to lower the noise of a 
transformer have not clearly been proposed So far, and also 
those of a material to lower magnetostriction vibration have 
Scarcely been proposed. 

SUMMARY OF THE INVENTION 

The object of the present invention is to provide a 
grain-oriented electrical Steel sheet most Suitable for Secur 
ing both the low iron loss and the low noise of a transformer 
at the same time, namely, a grain-oriented electrical Steel 
sheet containing Si: 1.0–4.0 wt % with low iron loss and low 
noise, and to provide a method for producing the Same. 

The present inventors, as a result of precisely investigat 
ing the relationship between the magnetostriction of a grain 
oriented electrical Steel sheet and the noise of a transformer 
and Studying various material factors affecting the 
magnetostriction, have found out the fact that, as the factors 
of dominating magnetostriction, the tension of an insulation 
film and the imposition of fine Strains by laser irradiation are 
very important in addition to the aforementioned integration 
degree in the orientation of 110}<001>, and have devel 
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2 
oped a Steel sheet having low iron loSS, and magnetostriction 
properties for lowering noise, by appropriately controlling 
those factors. 

The gist of the present invention is as follows: 
(1) A low iron loss and low noise grain-oriented electrical 

Steel sheet, having: 
e, an absolute value deviated by forming a tension film 
from a Standard value which is defined as e in the State that 
a tension film Substantially does not exist and laser is not 
irradiated, and e, an absolute value deviated by irradiating 
laser after the film formation from the same Standard value, 
Satisfying the following expressions, 

ecc3.0x10 

et C1.0x10, 

whereine is defined as a Zero-peak value of magnetostric 
tion vibration when a grain-oriented electrical Steel sheet is 
magnetized up to a Saturated magnetic flux density at the 
frequency of 50 Hz in the rolling direction; and 
e, an absolute value deviated by forming a tension film 
from a standard value which is defined as e, in the State that 
a tension film Substantially does not exist and laser is not 
irradiated, and ez, an absolute value deviated by irradiat 
ing laser after the film formation from the same Standard 
value, Satisfying the following expressions, 

e-C1.5x10 

eit z0.3x10, 

wherein e, is defined as the value obtained by Subtracting 
a Zero-peak value of magnetostriction vibration at the mag 
netization magnetic flux density of 1.7 T from a Zero-peak 
value of magnetostriction vibration at a Saturated magnetic 
flux density at the frequency of 50 Hz in the rolling 
direction; and further wiz, a Zero-peak value of magneto 
Striction vibration at the magnetization magnetic flux density 
of 1.7 T, Satisfying the following expression; 

-0.5x1Oss0.5x10; 

when magnetizing a grain-oriented electrical Steel sheet at 
the frequency of 50 Hz in the rolling direction and measur 
ing a Zero-peak value (0-p value: the value of expansion or 
contraction at a certain magnetization magnetic flux density 
determined on the basis of the value in the state of 
demagnetization, which is positive in case of expansion and 
negative in case of contraction) of magnetostriction vibra 
tion in the rolling direction. 

(2) A method for producing a low iron loss and low noise 
grain-oriented electrical Steel sheet containing Si: 1.0–4.0 wt 
% comprising the Step of determining a heat-input amount of 
laser irradiation to the unit of area of the Steel sheet in 
accordance with a total amount of tension obtained by a 
primary film formed by a finish annealing and a Secondary 
film formed by Subsequent processes. 

(3) A low iron loss and low noise grain-oriented electrical 
Steel sheet according to the item (1), having: eo and eo 
Satisfying the following expressions, 

ecc32.0x10 

et C0.8x10; and 

ez, and ez, Satisfying the following expressions, 

ecz1.0x10 

et -0.3x10. 
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(4) A method for producing a low iron loss and low noise 
grain-oriented electrical Steel sheet containing Si: 1.0–4.0 wt 
% comprising the Step of; 
applying a total amount of tension of more than 1 MPa and 
less than 8 MPa which is obtained by a primary film formed 
by a finish annealing and a Secondary film formed by 
Subsequent processes, and 
irradiating laser beam in an amount of heat-input of 1-2 
mJ/mm° to the specific unit of area of the steel sheet. 

(5) A low iron loss and low noise grain-oriented electrical 
Steel sheet according to the item (1), having eo and e. 
Satisfying the following expressions, 

1.0x10 sea;3.0x10 

0.5x10°se <1.0x10, 

and having ez, and ez, Satisfying the following expres 
Sions, 

0.5x10 sea 1.5x10 

e -0.3x10. 

(6) A method for producing a low iron loss and low noise 
grain-oriented electrical Steel sheet containing Si: 1.0–4.0 wt 
% comprising the Step of; 
applying a total amount of tension of more than 14 MPa 
which is obtained by a primary film formed by a finish 
annealing and a Secondary film formed by Subsequent 
processes, and 
irradiating laser beam in an amount of heat-input of 1.5-3 
mJ/mm to the specific unit of area of the steel sheet. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a graph showing the 0-p value of magnetostric 
tion vibration varied by a magnetic flux density on the basis 
of the value in the State of demagnetization. 

FIG. 2 is a graph showing the 0-p value of magnetostric 
tion vibration varied by a magnetic flux density on the basis 
of the value in the State of a Saturated magnetic flux density. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

The present invention will hereunder be explained in 
detail. 

A grain-oriented electrical Steel sheet has three easy 
directions of magnetization, namely, 100,010 and 001). 
When a region magnetized in a direction different from the 
direction of a magnetic field is oriented in the direction of 
the magnetic field with the imposition of the magnetic field 
or a region oriented in the direction of a magnetic field is 
oriented in another easy direction of magnetization, expan 
Sion or contraction is generated, namely, magnetostriction is 
observed in the direction of the imposed magnetic field. 

In an ideal grain-oriented electrical Steel sheet having the 
grains completely arranged in the orientation of 
{110}<001>, the magnetic domain structure is composed of 
the regions magnetized only in the rolling direction, namely, 
of only 180 magnetic domains. Therefore, magnetostriction 
does not occur during magnetization. 

However, in practice, closure domains called lancet mag 
netic domains exist in the Steel sheet to decrease the mag 
netostatic energy caused by the deviation of orientation. 
Further, closure domains exist in the regions where Strains 
are introduced and at the edge portions of the Steel sheet too. 
The closure domains have regions magnetized in the thick 
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4 
neSS direction therein, and magnetostriction changes to plus 
(expansion) when those regions decrease, while it changes 
to minus (contraction) when they increase. 
The magnetostriction 0-p value of a grain-oriented elec 

trical Steel sheet where a forsterite film or a tension insula 
tion film is not formed and laser beam is not irradiated, as 
shown by the curve 1-(A) in FIG. 1, increases monotonously 
with the increase of the magnetization magnetic flux density. 
This is because the aforementioned lancet domains exist 
depending on the integration degree of orientation in the 
State of demagnetization and thus their volume is reduced 
with the application of magnetization. 
When a tension insulation film is applied to a Steel sheet, 

as shown by the curve 1-(B) in FIG. 1, the magnetostriction 
once decreases but turns to increase at a high magnetic flux 
density of about 1.7 T or higher. The reason is as follows; 

Since the energy at the portions magnetized in the thick 
neSS direction increases by a magnetoelastic effect when 
tension is imposed on a Steel sheet, the Volume of lancet 
magnetic domains in the State of demagnetization decreases 
compared to the case that tension is not imposed. When a 
magnetic field is imposed on this, the displacement of 180 
magnetic domain walls occurs and, Since this increases the 
magnetostatic energy at the Surface, lancet magnetic 
domains increase So as to decrease the magnetostatic energy. 
Therefore, the Steel sheet contracts in this magnetic field. 
When the magnetic field is further intensified and the 
displacement of 180 magnetic domain walls terminates, 
magnetization proceeds while lancet magnetic domains are 
disappearing. In this case, the Steel sheet expands. 

In the aforementioned curves of 1-(A) and 1-(B), since the 
State of Saturated magnetization is the same as the State that 
magnetized components in the directions other than the 
rolling direction disappear, the change of the magnetic 
domain Structure can easily be Studied by adopting this State 
as the basis of expansion and contraction. 

FIG. 2 shows the dependency of a magnetostriction 0-p 
value on a magnetic flux density Setting the magnetostriction 
0-p value at Saturated magnetization to Zero. In case of a 
Steel sheet where a tension film is not applied, as shown by 
the curve 2-(A), the magnetostriction 0-p value decreases 
monotonously with the decrease of the magnetic flux den 
sity. On the other hand, in case of a Steel sheet where a 
tension film is applied, as shown by the curve 2-(B), the 
magnetostriction 0-p value decreases once but increases 
after reaching the minimum value. In the State of 
demagnetization, the Steel sheet of 2-(B) expands by the 
value of e, as shown in the figure, compared to the Steel 
sheet of 2-(A). 

Further, with regard to the minimum value, the magnetic 
flux density where the 0-p value becomes the minimum 
depends on the degree of orientation of a Steel sheet to the 
orientation of 110}<001>, and it has been found that the 
magnetic flux density where the 0-p value becomes the 
minimum is about 1.7 T in case of a conventional grain 
oriented electrical Steel sheet as a result of the investigation 
by the present inventors. Therefore, in the e7 defined 
before, the Steel sheet of 2-(B) expands by the value of ez, 
compared to the Steel sheet of 2-(A) at the minimum value 
of 2-(B). The e, and ez, Valves can be freely controlled 
by changing the tension of an insulation film. 

Further, the present inventors have found out that mag 
netostriction properties can be controlled freely by irradiat 
ing with a laser beam after a tension film is formed to the 
steel sheet. The effects will be explained hereunder. 
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When laser is irradiated to a steel sheet with a tension film 
shown by the curve 1-(B) in FIG. 1, the magnetostriction 0-p 
value varies as increasing monotonously. It is thought that 
this is because closure domains are formed as the laser 
irradiation introduces Strains in the Steel sheet and then the 
closure domains disappear with the application of magneti 
Zation. 

The case where a Saturated magnetization State is adopted 
as the basis is shown in FIG. 2. The curve 2-(C) which is the 
case of laser irradiation to a Steel sheet with a tension film 
declines with the decrease of the magnetic flux density and, 
in the State of demagnetization, the Steel sheet contracts by 
et as shown in the figure compared with the curve 2-(B). 
With regard to e, defined in relation to 1.7T, the steel sheet 
contracts by e17. The eo and ez Valves can be controlled 
freely by changing laser irradiation energy. 

Moreover, the present inventors have earnestly Studied 
how the magnetostriction properties of a grain-oriented 
electrical Steel sheet Should be set to reduce the noise of a 
transformer and the like and, as a result, have found that the 
most important feature is to control the predetermined value 
of W, which is magnetstriction 0-p value on a magnetic flux 
density defined in relation to 1.7T for reducing noise caused 
by the electric devices in addition to minimizing the ampli 
tude by vibration. In other word, it is dispensable to control 
the value of W, Satisfying the following expressions, 

-0.5x10°ss 0.5x10°. 

When W., is Small, the higher harmonic wave components 
of magnetstriction vibration is increases. On the other hand, 
When w, is large, magnetstriction Vibration eXpands. These 
phenomenons are contribute to increase noise of a trans 
former. It has been also found out that, to obtain Such a 
material, it is necessary to control film tension and laser 
irradiation energy adequately So that the aforementioned 
eoc, eo, e17C and e17 are in the ranges below, 

ecc3.0x10 

eot 31.0x10 

ecz1.5x10 

e7 3.0x10 

and further W7, which is a 0-p value at the magnetization 
magnetic flux density of 1.7 T, Satisfies the expression 
below, 

-0.5x10°ss 0.5x10°. 

When film tension is decreased, e, and e decrease. 
However, when film tension is excessively decreased, the 
deterioration of magnetostriction is intensified when StreSS is 
imposed on a Steel sheet during transportation or assembly 
work of a transformer and then core loSS deteriorates also. 
Therefore, it is preferable that the values of each of e, and 
ez is set at more than 0.1x10°. Further, since those values 
have upper limits depending on the integration degree of 
orientation, eo and etc. are set at less than 3.0x10 and 
less than 1.5x10 respectively. 
eo and ez become large as the laser irradiation energy 

intensifies. Therefore, eo is set at more than 0.1x10' and 
ez at not less than 0. On the other hand, when the laser 
irradiation energy is excessively large, the amplitude of 
magnetostriction vibration becomes large and the noise 
when a Steel sheet is assembled into a transformer becomes 
large. Therefore, eo is set at less than 1.0x10 and eiz, at 
less than 0.3x10. 
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6 
Film tension can be controlled by adjusting the amount of 

a forSterite film formed after finishing annealing and the 
amount and component of an insulation film applied 
thereon. Laser irradiation can be applied by using a CO2 
laser or a YAG laser. From the viewpoint of core loss 
reduction, it is desirable that the region where Strains are 
introduced by laser extends in a long and narrow shape to the 
direction perpendicular to the rolling direction of a Steel 
sheet and the Strain band is introduced cyclically in the 
rolling direction. 

Further, it has been found that the desired magnetic 
properties are varied in accordance with the designed mag 
netic flux density. When the designed magnetic flux density 
is relatively Small, a relatively weak film tension is rather 
effective for further smoothing the waveform of magneto 
Striction of a Steel sheet, reducing the higher harmonic wave 
component of vibration and thus reducing the noise of a 
transformer. However, this means causes the deterioration of 
core loSS. Low magnetostriction and low core loSS have been 
Successfully realized by irradiating a laser beam appropri 
ately and applying magnetic domain control. The Steel sheet 
is an electrical Steel sheet having eo and eo controlled in 
the ranges of 

ecc32.0x10 and 

et C0.8x10, respectively, and, 

e17, e7, and W17 in the ranges of 
ecz1.0x10, 

e Z0.3x10 

and 

-0.5x10s, s().5x10, 

respectively. 
Further yet, the above mentioned electrical Steel sheet can 

be produced by controlling a forsterite film and an insulation 
film whose total tension having more than 1 MPa and less 
than 8 MPa, and controlling a heat-input laser irradiating 
energy in an amount of 1–2 m.J/mm to the specific unit of 
area of the Steel sheet. 
When the tension of an insulation film is Small, the 

deterioration of magnetostriction increases when StreSS is 
imposed on a Steel sheet during transportation or assembly 
work of a transformer and then iron loSS deteriorates also. 
Therefore, the tension is set at not less than 1 MPa. On the 
other hand, when the tension is too strong, a higher harmonic 
wave component becomes to be included abundantly in the 
waveform of magnetostriction vibration and therefore the 
tension is set at less than 8 MPa. 
On the other hand, when the designed magnetic flux 

density is large, it is necessary to Strengthen tension to be 
applied to the Steel sheet, and to control the degree of 
heat-input of the laser irradiation energy in an appropriate 
value in accordance with the applied film tension. AS a 
result, the value of we can be set in the predetermined value. 
In addition, the magnetstriction vibration can be reduced in 
a Small value in the ranges of from high magnetic flux 
density to low magnetic flux density. It is desirable to control 
the Values of eoc, eo, e17c, e17 and W17 Satisfying the 
following expressions, 

1.0x10 sea;3.0x10 

0.5x10°se <1.0x10 

0.5x1Oses 1.5x10 
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et -0.3x10, and 

-0.5x10°ss 0.5x10°. 

For realizing the above mentioned features, a production 
method is carried out by the Steps of applying a total amount 
of tension of more than 14 MPa which is obtained by a 
primary film formed by a finish annealing and a Secondary 
film formed by Subsequent processes, and irradiating laser 
beam in an amount of heat-input of 1.5–3 m J/mm to the 
Specific unit of area of the Steel sheet. 

EXAMPLE 1. 

In a grain-oriented electrical Steel sheet containing Si: 
1.0–4.0 wt % with the thickness of 0.23 mm processed up to 
finishing annealing by a conventional method, the thickneSS 
of a forSterite film and the coating amount of an insulation 
tension film were controlled and the film tension was varied. 
Further, a laser beam was irradiated on the steel sheet with 
the irradiation pitch of 5 mm in the rolling direction and the 
same of 0.03 mm in the transverse direction while varying 
pulsed energy. A YAG laser was used in this test. The 
irradiation energy is expressed by the energy introduced to 
a unit area of a Steel sheet. A magnetostriction measuring 
device of the laser Doppler type was used for measuring 
magnetostriction and ten pieces, in each condition, were 
tested. Table 1 shows the conditions of preparing the test 
pieces and the results of the magnetostriction measurement 
on the average of the ten test pieces. 

Further, three phase three legs (Limbs) Stacked iron cores 
in the size of 750 mmx750 mm were fabricated using the 
Steel sheets of each condition and the noise was measured. 
The width of the steel sheets was 150 mm and the number 
of Stacked sheets was 180. In case of Zero film tension, 
insulation films which do not generate tension were 
employed. The results are shown in Table 2. By using the 
Steel sheets according to the present invention, transformers 
with low noise were obtained. The iron loss of iron cores is 

also shown in the table and it is shown that the present 
invention can provide good iron loSS. 

TABLE 1. 

Film Laser 
tension energy €oc €OL €17c €1.7L W17 
(MPa) (m.J/mm) (10) (10) (10) (10) (10) 

A. 14 2 1.5 0.4 O6 O -0.1 

B 8 2 1.5 0.4 O6 O +0.2 

C 6 2 1.3 0.5 O6 O1 +0.3 

D 6 1. 1.4 O.2 O6 O O 

E 2 1. 0.5 O.2 0.4 O +0.3 

F 16 2.5 2.O O.8 O.8 O.2 -0.2 

G 15 2O 1.5 18 O6 0.5 +0.8 

H 6 1O 1.4 1.2 O6 O.3 +1.0 

I 2 1O 0.4 1.3 0.4 O.2 +1.2 

J O 1O O 1.2 O O +1.3 

K O O O O O O +0.4 

8 

TABLE 2 

Transformer noise Iron loss 
5 (dB(A)) (W/kg) 

f = 50 Hz, Bm = 1.7 T f = 50 Hz, Bm = 1.7 T 

A. 42 0.97 
B 43 O.98 
C 41 O.98 
D 43 O.99 

1O E 41 1.01 
F 40 0.95 
G 49 1.03 
H 48 1.05 
I 50 1.10 
J 55 1.30 

15 K 54 1.60 

A grain-oriented electrical Steel sheet according to the 
present invention can be produced by adjusting film tension 
and irradiated laser energy So that eo, eo, e7, e7, and 

20 W, are controlled in prescribed ranges respectively, and can 
Secure both low core loSS and low noise of a transformer at 
the same time. 
What is claimed is: 
1. A low iron loSS and low noise grain-oriented electrical 

25 Steel sheet, having: 
e, an absolute value deviated by forming a tension film 

from a Standard value which is defined as e in the State 
that a tension film Substantially does not exist and laser 
is not irradiated, and e, an absolute value deviated by 

3O irradiating laser after the film formation from the value 
in the State of tension film only, Satisfying the following 
expressions; 

ecc3.0x10 
35 e C1.0x10, 

wherein e is defined as a Zero-peak value of magneto 
Striction vibration when a grain-oriented electrical Steel 
sheet is magnetized up to a Saturated magnetic flux 

40 density at the frequency of 50 Hz in the rolling direc 
tion; and 

Invention 
CXale 

Invention 
CXale 

Invention 
CXale 

Invention 
CXale 

Invention 
CXale 

Invention 
CXale 

Comparative 
CXale 

Comparative 
CXale 

Comparative 
CXale 

Comparative 
CXale 

Comparative 
CXale 
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ez, an absolute value deviated by forming a tension film demagnetization, which is positive in case of expansion 
from a standard value which is defined as e, in the and negative in case of contraction. 
State that a tension film Substantially does not exist and 2. A low iron loSS and low noise grain-oriented electrical 
laser is not irradiated, and e, an absolute value Steel sheet according to claim 1, having ec and e. 
deviated by irradiating laser after film formation from 5 Satisfying the following expressions, 
the value in the State of tension film only, Satisfying the 
following expressions, ecC2.0x10 

ecz1.5x10 et C0.8x10; and 

et -0.3x10, d tisfving the followi - - - - ez, and ez, SauSIying line IOIOWing eXpressions, 

whereine, is defined as the value obtained by Subtracting ecz1.0x10 
a Zero-peak value of magnetostriction vibration at the 
magnetization magnetic flux density of 1.7 T from a 15 eit z0.3x10. 
Zero-peak value of magnetostriction vibration at a 
Saturated magnetic flux density at the frequency of 50 3. A low iron loSS and low noise grain-oriented electrical 
Hz in the rolling direction; and further, a zero-peak steel sheet according to claim 1, having €oc and €ol. 
value of magnetostriction vibration at the magnetiza- Satisfying the following expressions, 
tion magnetic flux density of 1.7 T, Satisfying the 

2O -6s -6 following expression; 1.0x10 sea;3.0x10 
-6 -6 

-0.5x10°ss 0.5x10: 0.5x10 set 31.0x10, 

and having e17 and e7, Satisfying the following expres when magnetizing a grain-oriented electrical Steel sheet at 
25 SIons, the frequency of 50 Hz in the rolling direction and 

measuring a Zero-peak value, O-p value, magnetostric 
tion vibration in the rolling direction, 

wherein O-p value is the value of expansion or contrac- e -0.3x10. 
tion at a certain magnetization magnetic flux density 
determined on the basis of the value in the state of k . . . . 

0.5x10 sea 1.5x10 


